An important group of animal and human pathogens, belonging to the phylum Apicomplexa, employs a novel form of motility, known as gliding, to move on solid substrates and to enter host cells. Gliding is dependent on the parasite cytoskeleton and involves a conserved family of secretory adhesins.
Most organisms, whether single-celled or multicellular, have developed specialized structures for cellular movement that are important in reorientation, homing and migration. These behaviors facilitate development and survival in a variety of complex environments. Three principal means of cellular locomotion have been characterized, all of which involve specialized appendages or changes in morphology. Propulsion through liquid media is mediated by cilia or flagella that promote forward movement by the regular beating of whip-like structures. Alternatively, many cells are able to crawl across a solid substrate by extending protrusions known as pseudopodia that act as anchors to pull the cell forward. Amoebae specialize in this form of locomotion, as do professional phagocytic cells of metazoan animals. Crawling motility is dependent on the actin cytoskeleton and likely involves small myosins that act as motors [1] .
A novel and more mysterious method of cellular locomotion is the largely uncharacterized gliding motility exhibited by protozoan parasites in the phylum Apicomplexa. Interest in these parasites stems largely from their medical importance as the cause of diseases in a variety of animals and humans. Among them, Plasmodium is the causative agent of human malaria, and Toxoplasma and Cryptosporidium are formidable opportunistic pathogens in immunocompromised humans. Recent work has provided new insights into the molecular basis of gliding motility and has shown how the parasites use this novel form of locomotion to penetrate their host cells.
The mystery of gliding motility
Although apicomplexan parasites are apparently unable to swim, the invasive stages of a number of them display gliding motility on solid substrates, such as glass slides or the surface of cultured mammalian cells. Unlike crawling motility, gliding occurs without pseuodopod extension or other major changes in cell morphology. Typically, the invasive stages of apicomplexan parasites are crescent shaped and have a well-defined anterior-posterior axis. Parasite gliding is an energy-dependent process that moves the cell forward at rates varying from 1-10 µm per second. This locomotion can be observed by time-lapse video microscopy or easily detected by staining for surface components that are deposited in trails left on the substrate (Figure 1 ). Chemical agents that disrupt microfilaments, such as cytochalasins and latrunculins, inhibit motility (J. Dobrowolski and L.D.S., unpublished data), indicating that actin filaments are required for gliding. Gliding parasites also shed antigen-antibody complexes and translocate surface particles from their anterior to their posterior end by a process that is poisoned by cytochalasins [2, 3] . Images of a gliding Toxoplasma tachyzoite stained with a monoclonal antibody to the surface protein SAG1. The formation of trails by gliding parasites was first reported for malaria sporozoites, which deposit the surface circumsporozoite protein while moving on glass [3] . Trails containing surface membrane proteins are now recognized as a general feature of gliding motility in apicomplexan parasites. In Toxoplasma, the trails are readily visualized by staining with antibodies to the major surface antigens that are anchored in the membrane by GPI addition. Gliding occurs on a variety of substrates including proteincoated glass and can be semi-quantified by estimating the average trail length.
A model unifying these observations has been proposed in which gliding occurs by the 'capping' of membrane components in a process that depends on the parasite cytoskeleton [4, 5] . Capping involves the directional movement of protein complexes from the anterior end of the parasite to the posterior end, where they are shed. According to this model, gliding motility is driven by the capping of transmembrane proteins linked to a fixed point on the substrate along a subcortical actinomyosin complex. The rearward movement of this complex drives the parasite cell forward. To date, the cytoskeletal elements postulated to be involved in this process remain largely uncharacterized in apicomplexan parasites, and all of the characterized major surface proteins are linked in the outer leaflet of the membrane by glycophosphatidylinositolphosphate (GPI) anchors and thus cannot directly transfer signals or mechanical energy across the lipid bilayer.
Stealthy entry by active penetration
While most intracellular pathogens enter the host cell either passively or by inducing endocytic uptake, this is not the case for apicomplexan parasites, which actively penetrate their host cells. Such active penetration may enable infection of a wider range of host cells and facilitate intracellular survival by forming a specialized vacuole that remains segregated from the endocytic system. Like gliding motility, host-cell penetration by many apicomplexan parasites is blocked by cytochalasin, thus implicating the actin cytoskeleton in the process. Studies using a combination of cytochalasin-resistant mutants of either the host or parasite have demonstrated that invasion is largely independent of the host cytoskeleton but requires that of the parasite [6] .
Cytochalasin resistance in Toxoplasma, conferred by a point mutation in the single actin gene expressed by these cells, is sufficient to enable both gliding motility and cell invasion to occur in the presence of drug [6] . As cytochalasin blocks cell invasion by numerous different apicomplexans, including Plasmodium, Eimeria and Cryptosporidium, it is likely that most members of the phylum use a similar active mechanism for motility and cell penetration. Inhibitors of myosin function also block gliding and cell invasion by Toxoplasma [7] , implying that both processes rely on an actinomyosin motor. While these studies validate the model proposed above for the role of the parasite cytoskeleton, they do not shed any light on how force is transmitted across the plasma membrane or which ligands mediate substrate or cell attachment.
The TRAP family
Two parasite surface proteins, the circumsporozoite (CS) protein and the thrombospondin-related anonymous (or adhesive) protein (TRAP), are important in the invasion of hepatocytes by malaria sporozoites. CS contains a region that is related to the thrombospondin type I (TSP I) repeat; TRAP also contains the TSP I motif and a region homologous to the A domain that is present in a variety of mammalian integrins involved in cell-cell interaction. The CS and TRAP proteins are implicated in binding to host cell heparin sulfate proteoglycans, an interaction that is important in parasite homing to the liver and invasion into hepatocytes. Highly homologous TRAP-like proteins are expressed by many members of the Apicomplexa, including Eimeria, Cryptosporidium and Toxoplasma. This conservation suggests that, although they exploit very different hosts and tissues, these various parasites employ similar mechanisms of cell attachment.
TRAP is differentially expressed during the life-cycles of malarial parasites, being found on the surface of mature insect stages but not on the stages that infect blood cells. Taking advantage of this developmental switch, a null mutation of the TRAP gene was recently engineered in the erythrocytic stages of the rodent malarial parasite Plasmodium berghei [8] . Infection of mosquitoes with this mutant led to development of parasites in the insect midgut that were unable to migrate and invade salivary glands, a step necessary for transmission. These midgut parasites were also much less infective when isolated and injected into naive rats, implying a role for the TRAP protein in infection of liver hepatocytes in vivo.
The importance of TRAP for infectivity is further strengthened by the observation that revertants of a TRAP mutant strain were obtained when parasites that successfully invaded hepatocytes were subsequently recovered from the blood of infected rats. Another strain carrying a stable null mutation, created by a double crossover event, was completely non-infectious in mice. The inability of TRAP-deficient parasites to migrate within the mosquito suggested they were impaired in motility and/or penetration. Indeed, examination of the motility of sporozoites obtained from TRAP-deficient parasites indicated they were severely compromised in gliding motility in vitro. These exciting results indicate that TRAP is necessary for motility, as well as being involved in binding to host cells.
TRAP and related proteins have a domain structure consisting of conserved extracellular regions that are implicated in adhesion, a putative transmembrane domain and a short cytoplasmic tail. The cytoplasmic domains of TRAP-like proteins are highly uniform in length and contain conserved acidic residues, suggesting they may serve a common function. In Toxoplasma, the TRAP homolog known as MIC2 is stored as a secretory protein within apically located organelles called micronemes [9] . On contact with the host cell, MIC2 is secreted onto the apical surface of invading parasites, following which it is progressively capped during invasion [9] . MIC2 also binds to heparin sulfate proteoglycans (V.B.C. and L.D.S., unpublished data), so the co-capping of a parasite TRAPfamily adhesin -such as MIC2 -and host cell receptors -such as heparin sulfate proteoglycans -may drive internalization by pulling the host cell membrane over the parasite cell.
An integrated model for motility and invasion
The recent discoveries concerning Toxoplasma and Plasmodium indicate that parasite motility and invasion are powered by the cytoskeleton and require cell-surface adhesins belonging to the TRAP family. By virtue of their transmembrane domains, TRAP family proteins are equipped to form a connection across the plasma membrane and thereby communicate with the parasite cytoskeleton. In a model integrating these recent findings, actin filaments are suggested to form a fixed scaffold on which myosin moves toward the barbed end of the filament (Figure 2) . The tail region of myosin may interact directly, or via linking proteins, with the cytoplasmic domain of a transmembrane protein that mediates attachment to the extracellular substrate. TRAP-like proteins are excellent candidate molecules to serve such a bridging function, given the genetic, biochemical and morphological data discussed above. The coordinated capping of such TRAP-myosin complexes along actin filaments could result in forward motion of the parasite that is sufficient to mediate both gliding and cell invasion.
This model makes several predictions that require rigorous testing. First, the parasite should contain a system of parallel actin filaments that are oriented with their barbed ends posteriorly. Second, the transmembrane domain of TRAP family members may physically interact, directly or indirectly, with the myosin motor protein, or alternatively may communicate a signal to activate motility. Finally, the receptors that the parasite recognizes during gliding motility and cell invasion may be similar molecules, including heparin sulfate proteoglycans, or other ubiquitous cellsurface determinants. Unraveling the specifics of gliding motility used by this intriguing group of parasites should reveal important general features of cell adhesion and mechanochemical force transduction. While interesting in their own right, they may also be of practical value in designing novel strategies for parasite control. A model of the molecular mechanism that drives gliding motility in apicomplexan parasites. Morphological studies on Toxoplasma indicate the presence of a subcortical actin-myosin network which may provide the scaffold and the molecular motor necessary for parasite-driven motility [7, 10] . The TRAP family of adhesins, which promote binding to ubiquitous cell-surface molecules, have characteristics of typical transmembrane proteins. These features make them likely candidates for the proteins that provide the link between the extracellular surface and the actinomyosin motor of the parasite. Thus, posterior capping of receptor-adhesin complexes through movement of myosin along actin filaments would result in a forward motion of the parasite across the substrate or cell surface. Similarly, circumferential capping of host receptor-adhesin complexes would pull the host cell membrane over the parasite, resulting in engulfment. 
